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Cold stress modifies anthers’ metabolic pathways to induce pollen sterility. Cold-tolerant
plants, unlike the susceptible ones, produce high proportion of viable pollen. Anthers
in susceptible plants, when exposed to cold stress, increase abscisic acid (ABA)
metabolism and reduce ABA catabolism. Increased ABA negatively regulates expression
of tapetum cell wall bound invertase and monosaccharide transport genes resulting in
distorted carbohydrate pool in anther. Cold-stress also reduces endogenous levels of
the bioactive gibberellins (GAs), GA4 and GA7, in susceptible anthers by repression of
the GA biosynthesis genes. Here, we discuss recent findings on mechanisms of cold
susceptibility in anthers which determine pollen sterility. We also discuss differences in
regulatory pathways between cold-stressed anthers of susceptible and tolerant plants
that decide pollen sterility or viability.
Keywords: cold stress, anther, pollen development, pollen sterility, abscisic acid signaling, bioactive gibberellins,
sugar metabolism
INTRODUCTION
Pollen development within anthers is a well-studied phenomenon (Zhang and Yang, 2014; Gómez
et al., 2015). The anthers develop from anther primordia which contain three cell layers, L1, L2,
and L3. The primordium layers differentiate into diverse cell types with L1 forming the epidermis,
L2 the archesporial and primary parietal cells (PP) and L3 the vascular and connective tissues
(Figure 1). The archesporial cells divide to form primary sporogenous cells (Sp; Wilson and Zhang,
2009). The Sp form meiocytes through a series of intermediate cell types whereas the PP form
tapetum, middle cell layer and endothecium (Wilson and Zhang, 2009; Zhang and Yang, 2014).
Molecular switches and signaling pathways in specification of tapetum and microsporocyte cells
within the anther have been reviewed recently (Chang et al., 2011; Zhang and Yang, 2014). Within
each anther lobe, SPOROCYTELESS/NOZZLE (SPL/NZZ) gene [a putative novel transcription
factor (TF)], which acts downstream of the AGAMOUS (AG) gene is the regulator of sporogenesis
(Yang et al., 1999; Ito et al., 2004; Liu et al., 2009, Figure 1). This gene is expressed only in L2 layer
(Yang et al., 1999). The important regulators for the formation of PP are the genes BARELY ANY
MERISTEM1 (BAM1) and BAM2 Leucine-rich repeat receptor like Kinases (Kelliher et al., 2014). In
the absence of these genes (the bam1/2 double mutant anthers), the inner three somatic cell layers
are replaced by pollen mother cells (PMC) like cells because of SPL expression in somatic cell layers
(Hord et al., 2006). The redox state of the cells is also considered a factor to determine fate of the
germ cell and tapetum (Zhang and Yang, 2014) owing to the evidences that the redox genes ROXY1
(Arabidopsis CC-TYPE GLUTAREDOXINS1) and ROXY2 express in lobe primordia of Arabidopsis
anthers at a time when the archesporial cell differentiates into sporogenous cells (Rozema et al.,
2001), and the double-mutants for these genes were male sterile with early defects in anther lobe
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FIGURE 1 | Genes regulating cell differentiation in early stages (1–5) of anther development. Three cell layers (L1, L2, L3) present in anther primordium
divide to form: L1: epidermis (E), L2: endothecium (En), middle layer (ML), tapetum (T), and pollen mother cell (PMC), L3: connective tissue and vascular bundle (C).
The development of L2 to En, ML, T, and PMC proceed through several intermediates, e.g., primary parietal cell, archesporial cell, secondary parietal cell, primary
sporogenous cell, secondary sporogenous cell. The genes are shown in italics. AG: AGAMOUS, SEP: SEPTELLA, BAM: BARELY ANY MERISTEM, ROXY1/2:
Arabidopsis CC-TYPE GLUTAREDOXINS, SPL/NZZ: SPOROCYTELESS/NOZZLE, TCP: TEOSINTE BRANCHED1/CYCLOIDEA/PCF transcription factors, SERK:
SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE, EMS1/EXS: EXCESS MICROSPOROCYTES1/EXTRA SPOROGENOUS CELLS, RPK2: RECEPTOR-LIKE
PROTEIN KINASE2, DYT1: DYSFUNCTIONAL TAPETUM1, TPD1: TAPETAL DETERMINANT 1, TPL/TPR: TOPLESS/TOPLESS-RELATED.
formation and non-formation of PMC (Rozema et al., 2001). The
ROXY1 and ROXY2 are also expressed in PMC and somatic cell
layers before meiosis.
The separation of the somatic cells and the meiocytes
is important to explore molecular mechanisms governing
development of both types of tissues in anthers. This, however,
was not possible until the discovery of laser microdissection
(LM) assay (Nakazono et al., 2003), a technique that later led
to the separation of transcriptomes of pollen and tapetum cells
in rice anthers, thereby leading to identification of networks
of genes that operate during meiosis (Aya et al., 2011). Several
meiosis-specific gene sub-networks, “such as transition from
mitosis into meiosis (MEL1, MEL2, OsAML1, RNA polymerase,
SET domain, PWWP domain, double-stranded RNA binding,
ribonucleoprotein), homologous pairing (PAIR1), synapsis
(PAIR2, ZEP1, PAIR3); meiotic replication and chromosome
structure control (OsPOLE1, Flap endonuclease, OsRAD21-
4, OsSMC2, OsRPA2C); meiotic recombination (DMC1A,
DMC1B, BRCA1-associated protein, OsRAD17, RNA helicase,
SNF2, OsMER3, OsMSH4, OsMSH5) and meiotic progression
(OsSDS, Cyclin A, Cyclin B, Cyclin D, CUL1, SKP1B, OsMMD1,
OsCDC20)” were identified (Aya et al., 2011). Like pollen
meiosis, pollen mitosis is also a poorly understood process.
Pollen mitosis is disrupted in plants with mutated RING-finger
E3 ligases, RING-H2 group F 1a (RHF1a) and RHF2a (Liu
et al., 2008). These genes play role in Arabidopsis pollen mitosis
I (PM I) and probably in pollen mitosis II (PM II). In rhf1a
rhf2a double mutant, 30–40% microspores fail to go through
PM I and 20–30% of the surviving microspores fail to undergo
PM II (Liu et al., 2008). RHF1a interacts directly with a cyclin-
dependent kinase inhibitor ICK4/KRP6 (Interactors of Cdc2
Kinase 4/Kip-related protein 6), which is a negative regulator of
mitosis (Liu et al., 2008). In contrast to mitosis where ICK4/KRP6
transcription is turned off, it is switched on during meiosis (Liu
et al., 2008). In addition to this, Arabidopsis transcription
initiation factor TFIIB-related protein BRP4 is also involved
in the regulation of mitotic cell-cycle progression during male
gametogenesis (Qin et al., 2014). Lowered expression of this gene
results in arrest of mitotic division, as evident from knockdown
mutants developed using RNA interference construct (Qin et al.,
2014). Furthermore, ORC6, a gene encoding a subunit of the
origin recognition complex, acts downstream of BRP4 (Qin et al.,
2014). The discussion on programmed death of tapetum, pollen
development, exine or intine formation, etc. is out of preview of
this article and these have been described elsewhere (Wilson and
Zhang, 2009; Parish and Li, 2010; Chang et al., 2011; Quilichini
et al., 2014; Zhang and Yang, 2014), however, role of gibberellic
acid (GA) needs mention, as this mechanism is disrupted by cold
stress (CS) in susceptible genotypes.
GIBBERELLIC ACID IN POLLEN
DEVELOPMENT
Gibberellic acid is a relatively well-studied growth regulator for
its role in anther and pollen development. GAs are vital to
anther development as well as pollen viability (Kwon et al.,
2015), and GA signaling predominantly works in tapetal cells
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(Plackett et al., 2011). GA regulates tapetum differentiation as
well as initiation of tapetum programmed cell death (PCD) via
GA-regulated myeloblastosis (GAMYB), a gibberellin-regulated
transcriptional activator (Plackett et al., 2014). Enzymes, GA
oxidases and GA hydroxylases, catalyze late steps in synthesis
of active GAs. Loss of GA20 oxidase activity arrests anther
developmental and tapetum does not degrade (Plackett et al.,
2011). GA interacts with receptor GID1 (GA INSENSITIVE
DWARF1) and the complex binds to the GRAS family protein
DELLA (Plackett et al., 2011; Davière and Achard, 2016), a
protein that is essential for pollen development in monocots as
well as dicots (Plackett et al., 2014; Davière and Achard, 2016).
The GRAS gene family is comprised of three members, i.e., GAI
(GIBBERELLIN-INSENSITIVE), RGA (REPRESSOR of ga1–3)
and SCR (SCARECROW-LIKE) whereas DELLA, a subfamily of
GRAS has five members in Arabidopsis: GAI, RGA, RGA-LIKE
1 (RGL1), RGL2, and RGL3. The ubiquitination of GID1 and
DELLA complex by SCF-E3 ubiquitin ligase leads to proteolysis
of DELLA and activation of GA signaling targets (Ueguchi-
Tanaka et al., 2007; Plackett et al., 2011). A casein kinase I
(CK1) protein called Rice early flowering1 (EL1) phosphorylates
DELLA protein SLR1 (slender rice 1) in rice to negatively regulate
gibberellin signaling (Dai and Xue, 2010). Recent evidence
suggests that the modulation of GA activity by EL1 is essential
for anther development and pollen viability as el1 mutants
were early flowering but with low fertility (Kwon et al., 2015).
GAMYB appears to be the key TF in GA signaling pathway. It
activates the expression of CYP703A3, KAR, and other genes
involved in the synthesis of sporopollenin and is essential for
anther and pollen development (Aya et al., 2009). DELLA, which
regulates GA signaling, also integrates several other hormone
signaling pathways, e.g., brassinosteroid (Bai et al., 2012), auxin
(Oh et al., 2014), abscisic acid (ABA; Lim et al., 2013) and
jasmonic acid (JA; Hou et al., 2013; Davière and Achard, 2016).
Recently, a jasmonate responsive transporter called GTR1 was
found to involve in GA transport and gtr1 mutants were impaired
in filament elongation and anther dehiscence, and were sterile
(Saito et al., 2015). In Arabidopsis, DELLAs mediated cross-
talk between GA and other signaling pathways was mediated
by O-linked N-acetylglucosamine (O-GlcNAc) transferase (OGT)
SECRET AGENT (SEC; Zentella et al., 2016). Some non-
GA pathways are also associated in floral development, as is
evident from phenotypic recovery of late flowers in GA-deficient
mutants (Plackett et al., 2011). In an elite japonica cultivar
Koshihikari, that possessed non-functional el1 allele, production
of fertile spikelets and normal grain yields similar to other
elite japonica cultivars was observed (Kwon et al., 2014, 2015).
This fertility suggests occurrence of either non-GA or non-
DELLA GA pathways that are known to occur in tomato
(Livne et al., 2015). Seedless fruit development in Arabidopsis
della mutants is an example of parthenocarpy through non-
DELLA GA signaling (Fuentes et al., 2012). The machineries
of non-GA and non-DELLA pathways are, however, unknown.
A rough estimate based on transcriptome analysis of tomato
is that “5% of all GA regulated genes in tomato are DELLA
independent” (Livne et al., 2015). Lack of understanding of non-
GA and non-DELLA regulation is a major impediment in gaining
complete understanding of pollen/flower development in crop
plants. This is further complicated by the fact that the cross talk
among different hormones regulating pollen development is still
fragmented.
POLLEN DEVELOPMENT UNDER COLD
STRESS
Plants exposed to CS show abnormal pollen development in
anthers, “often producing distorted anthers or sterile pollen
grains” thereby resulting in “reduced fertilization” (Nayyar et al.,
2005; Oda et al., 2010; Thakur et al., 2010; Shimono et al.,
2016). The most sensitive stages to CS are, “after the onset of
meiosis and pollen maturation” (Boyer and McLaughlin, 2007).
In rice, the time of peak tapetal activity, i.e., the transition
of the tetrad to early uni-nucleate stage (young microspore,
YM stage) has highest sensitivity to cold (Oliver et al., 2005)
whereas in brassica, the stage is tetrad to nucleate stage (Yu
et al., 2016). In tomato, most sensitive stages to CS are 11.2
and 5.6 days before anthesis (Patterson et al., 1987). CS at the
time of tapetum development aborts male gamete formation
and results in sterile pollen (Oliver et al., 2005; Barton et al.,
2014) by perturbing carbohydrate metabolism (Oliver et al., 2005;
Oda et al., 2010; De Storme and Geelen, 2014). As a whole,
the temperature stress reduces pollen development, anthesis,
pollen dehiscence, pollen fertility, pollination, and pollen tube
growth (Li et al., 2006; Boyer and McLaughlin, 2007; Barton
et al., 2014; Proud, 2015). Transcriptome analysis of meiotic
anthers in chickpea revealed that genes belonging to four
main categories, i.e., carbohydrate/triacylglycerol metabolism,
pollen development, signal transduction, and transport were
expressed differentially in tolerant anthers subjected to CS
(Sharma and Nayyar, 2014). The upregulation of all but one
pollen development genes in anthers of cold treated plants
compared to untreated control (Sharma and Nayyar, 2014)
coupled with their role in microspore/pollen growth, such
as “tetrad separation, pollen expansion, increased vascular
transport, fatty acid transport, pollen maturation, pollen exine
formation, pollen tube growth, fertility, and pollen development
(Chen et al., 2003; Hruba et al., 2005; Mashiguchi et al., 2009;
Ogawa et al., 2009; Quilichini et al., 2010)” indicated that
the pollen development machinery in tolerant plants remained
operative even under CS. The second unique finding of the study
was upregulation of all differentially expressed carbohydrate and
triacylglycerol metabolism genes (Sharma and Nayyar, 2014),
thereby suggesting that cold-tolerant chickpea plants produced
viable pollen under CS by maintaining pollen development as
well as carbohydrate/triacylglycerol metabolic pathways (Sharma,
2014; Sharma and Nayyar, 2014).
A comparison of the effect of low temperature (LT)
and high temperature (HT) on pollen development shows
that while the HT induces premature degradation of the
tapetum at early uninuclear microspore stage (Ku et al., 2003),
LT does not show tapetum degradation, instead it induces
hypertrophy such as abnormal expansion (Oda et al., 2010; De
Storme and Geelen, 2014) and ectopic persistence till pollen
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maturation thereby causing pollen sterility (Li et al., 2006).
Morphological aberrations in rice tapetum subjected to LT
include abnormal vacuolization, reduced dividing capacity and
hypertrophy (Mamun et al., 2006). The effect of LT on pollen
development is similar among mono- and dicots as is evident
from cold induced abnormality and pollen sterility in chickpea,
soybean, and capsicum (Mercado et al., 1997; Nayyar et al., 2005;
Ohnishi et al., 2010). In comparison to this, water deficit (4 days
without watering) at meiosis in wheat does not affect meiotic cell
division, but induces premature spore degeneration and loss of
reproductive cell orientation (Lalonde et al., 1997). The drought
stressed tapetal cells persist up to 8 days after meiosis and defects
in microspore polarity may be the reason for pollen sterility (De
Storme and Geelen, 2014). Drought stressed tapetal cells also
show abnormal vacuolization and separate from inner anther wall
(Saini et al., 1984). All these studies point toward key role of
tapetum in stress induced pollen sterility irrespective of the stress
type or differences in morphological and cytological reaction
of anthers to various types of abiotic stresses. Since, tapetum
provides nutrition to developing microspores and GA signaling
works primarily in the tapetum (Plackett et al., 2011), research
efforts should be directed toward understanding mechanisms
governing transport of carbohydrates, proteins and fatty acids,
etc., via tapetum to the microspores and regulation of hormonal
signaling in tapetum under normal as well as stressed conditions.
ABA: A POTENTIAL SIGNAL FOR
COLD-INDUCED POLLEN STERILITY
Abscisic acid is a key endogenous messenger in plant’s responses
to abiotic stresses (Baron et al., 2012; Mega et al., 2015) and is
a potential signal for cold induced pollen sterility (Oliver et al.,
2007). In chickpea, flowers aborting due to CS show high ABA
levels indicating a possible relationship with cold-susceptibility
and ABA (Thakur et al., 2010). In rice, ABA accumulates in cold-
stressed anthers (3 days at 12◦C) of susceptible plants leading to
high level of pollen abortion (Oliver et al., 2007). Cold tolerant
rice is characterized by lower endogenous ABA concentrations
in anthers and the production of competent pollen (Oliver et al.,
2007). ABA also plays an important role in PCD, such as the
natural degradation of the tapetum (Wang et al., 1999; Ku et al.,
2003). In addition to cold, higher levels of ABA also induce
pollen sterility under heat and drought conditions (Tang et al.,
2008; Ji et al., 2011; Bita and Gerats, 2013). This mechanism of
tolerance by anthers is entirely different from that observed in leaf
tissues. While, ABA in anthers induces susceptibility by inducing
pollen sterility; in leaf tissues, exogenous applications of ABA
or ABA mimic, a small molecule which activates downstream
ABA signaling, improve abiotic stress tolerance including CS
(Kumar et al., 2008; Melgoza et al., 2014; Teng et al., 2014;
Cheng et al., 2016). Similarly, increased ABA levels in leaf
tissues by zeaxanthin epoxidase (ZEP) and 9-cis-epoxycarotenoid
dioxygenase3 (NCED) overexpression or by XERICO, a gene
encoding a RING-H2 zinc finger protein, in transgenic plants
substantially enhance drought or salt tolerance (Espasandin et al.,
2014; Estrada-Melo et al., 2015; Zhang et al., 2016). Not only CS,
but HT stress was also mitigated by exogenous application of
ABA (Kumar et al., 2012). The study further showed that growth
reduction at HT (45/50◦C; night/day) was associated with severe
reduction in ABA and osmolytes.
Abscisic acid in plant cells is synthesized from carotenoids
through a series of biochemical reactions (see Figure 2). Upon
CS, ABA levels increase in anthers as well as leaves of treated
rice. The question, whether ABA is transported to anthers from
leaves or is synthesized within anthers, was addressed by Oliver
et al. (2007). It was found that ABA to stressed anthers is not
transported from leaves, but synthesized with in anthers. Two
circumstantial evidences prove this. Firstly, ABA increases in
leaves regardless of pollen developmental stage, however, an
increase in anthers occurs only at the YM stage, i.e., the stage
of greatest cold sensitivity (Oliver et al., 2007). Secondly, ABA
accumulates earlier in anthers than in leaves (Oliver et al.,
2007). Increase in ABA in anthers of cold-susceptible rice results
from the increased expression of two ABA biosynthetic genes
named as ZEP (OSZEP1 in rice) that converts zeaxanthin to
violaxanthin (Oliver et al., 2007) and NCED3 (OSNCED3 in
rice) that convert neoxanthin to xanthoxin (Oliver et al., 2007;
Ji et al., 2011; Figure 3). The tolerant plants, on the other
hand, have low expression of OSZEP1 and OSNCED3 compared
to susceptible ones and consequently low ABA (Oliver et al.,
2007; Ji et al., 2011). There is also another NCED gene in rice,
its expression, however, does not change under CS. OSNCED3
expresses in the xylem tissue and guard cells of stomata on
the anther connective tissue in cold-stressed rice indicating that
ABA biosynthesis occurs in anther vascular parenchyma cells (Ji
et al., 2011). Cold tolerant plants further reduce ABA levels by
increasing catabolism of ABA via C-8′ hydroxylation pathway
(Nambara and Marion-Poll, 2005; Figure 3) thereby resulting
in further reduction of ABA in anthers (Oliver et al., 2007).
The expression of the ABA-8-hydroxylase genes (ABA8ox1 and
ABA8ox2) that convert ABA to phaseic acid was higher in tolerant
rice, compared to the susceptible one (Oliver et al., 2007; Ji
et al., 2011; Figure 3). To confirm role of ABA-hydroxylases
in controlling ABA levels and inducing cold tolerance, the
transgenic rice plants overexpressing wheat TaABA8′OH1 either
in tapetum or in other parts of anthers were generated (Ji et al.,
2011). Overexpression of TaABA8′OH1 in anther parts other
than tapetum did not restore fertility whereas overexpression in
tapetum did so thereby inducing cold-tolerance. Overexpression
of ABA8′OH1 in tapetum also resulted in lower levels of ABA and
maintained INV4 [cell wall invertase (CWIN) gene] expression
(Ji et al., 2011). It has already been established that the tapetum
is one of the sites of CWIN expression in anthers (Koonjul
et al., 2005; Oliver et al., 2005). Clearly, low ABA and adequate
CWIN activity within tapetum is key to develop viable pollen
in anthers. Since, ABA appears to be synthesized in vascular
parenchyma cells of the anthers (Ji et al., 2011), it might have
been transported from vascular cells to the tapetum where it
suppressed INV4 expression in susceptible genotypes thereby
leading to distorted sink strength and consequently the pollen
sterility. Though tolerant anthers reduce ABA levels to maintain
normal pollen development, the ABA levels never reach zero
primarily because normal anther development and function need
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FIGURE 2 | ABA biosynthesis in plant cells and its catabolism to phaseic acid. ABA is synthesized from carotenoids in a series of reactions in plastids and
cytoplasm. In plastids, the carotenoids are converted to zeaxanthin and zeaxanthin to violaxanthin by enzyme zeaxanthin epoxidase (ZEP). Violaxanthin produces
neoxanthin (9-cis-epoxycarotenoid) which is converted to xanthoxin (2-cis,4-trans-xanthoxin) by the oxidative cleavage of neoxanthin by the enzyme 9-cis
epoxycarotenoid dioxygenase (NCED; Schwartz et al., 1997; see review by Seo and Koshiba, 2002). Xanthoxin is transported to the cytoplasm where it is converted
to ABA by a two-step reaction. ABA is catabolized in cytoplasm to form phaseic acid. Enzyme names are shown in bold. Dotted lines indicate more than one
reaction.
some amounts of ABA (Wang et al., 1999). The requirement
of baseline ABA levels in anthers is similar to vegetative tissues
which also need some ABA for normal growth and development
(Mega et al., 2015). It has been established that non-stressed plant
cells store ABA in inactive form [ABA glucosyl esters (ABA-
GE)] in vacuoles and under osmotic stress, the ABA-GEs are
acted upon by β-glucosidases leading to release of ABA (Xu
et al., 2012). Inactive form of ABA, i.e., ABA-GE is formed by
conjugation of ABA with glucose with the aid of enzyme ABA-
glycosyltransferase (Lee et al., 2006; Priest et al., 2006). Since,
anthers contain glucose as well as ABA, it would be interesting
to explore storage of ABA as ABA-GE in vacuoles of anther cells
and its immediate release from ABA-GE when anthers face CS.
Like anthers, increased expression of ABA biosynthesis
and catabolism genes and lower expression of genes involved
in ABA transport and homeostasis was also observed in
Arabidopsis inflorescence meristems exposed to CS (Baron
et al., 2012). Increased catabolism of ABA to phaseic acid by
overexpression of ABA-8-hydroxylase gene, OsABA8ox1, was also
observed in submerged rice (Saika et al., 2007). In submerged
rice, ethylene (ET) appears to control expression of ABA-8-
hydroxylase as treatment of aerobic seedlings with ET and its
precursor, 1-aminocyclopropane-1-carboxylate (ACC), rapidly
induced the expression of OsABA8ox1 (Saika et al., 2007). On
the other hand, inhibition of ET action by 1-methylcyclopropene
partially suppressed induction of OsABA8ox1 expression under
submergence (Saika et al., 2007).
Abscisic acid interferes with tapetum PCD (Wang et al., 1999;
Ku et al., 2003; Parish et al., 2012); probably in coordination with
other hormones. There is no report of cross-talk of ABA with
other growth regulators in anthers, in somatic cells, indole-3-
acetic acid (IAA) cross-talks with ABA. The cross-talk is mediated
by a GH3 family gene, osGH3-2, encoding an enzyme that
catalyzes conjugation of IAA to amino acids (Du et al., 2012).
Rice lines overexpressing this gene showed reduced ABA and free
IAA (Du et al., 2012). Under CS, the osGH3-2 was suppressed
(Du et al., 2012), thereby indicating its probable role in ABA
accumulation under CS. The role of another hormone, i.e., ET
in PCD leading to senescence is well documented. It is suspected
that the interaction of ABA with ET causes senescence (Dolferus,
2014). The role of ET in senescence PCD and its interaction
with ABA renders ET as one of the molecules whose role should
be investigated in tapetum PCD as well as anther development
under CS. ABA regulates negatively the ET production through
ABI4-mediated transcriptional suppression of ET biosynthesis
genes where ABI4 binds directly to their promoters (Dong et al.,
2016). Interaction of ABA and JA in response to biotic or abiotic
stresses has also been observed (Kazan and Manners, 2008).
A basic helix-loop-helix–type TF, ABA-INDUCIBLE BHLH-
TYPE TF/JA-ASSOCIATED MYC2-LIKE1 (JAM1), acts as a
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FIGURE 3 | Pathway for ABA accumulation and catabolism in anthers under cold stress. Less amount of ABA accumulated in cold-stressed cold-tolerant
anthers compared to susceptible ones, owing to reduced synthesis and increased degradation of ABA. Though, no evidence so far in anthers, ethylene, in plant
leaves, positively regulate synthesis of ABA8ox1, 2, and 3, the enzymes required for ABA catabolism. Dotted lines indicate several chemical reactions; the ?
Indicates absence of knowledge in anthers; the ∗∗ indicates evidence from leaves; the arrows show the increased and the blocked lines the decreased expression.
ABA, abscisic acid; ZEP1, zeaxanthin epoxidase 1; NCED3, 9-cis-epoxycarotenoid dioxygenase3; ABA8ox1, ABA8′-hydroxylase 1; ABA8ox2, ABA8′-hydroxylase 2.
transcriptional repressor and negative regulator of JA signaling
(Nakata et al., 2013) and positive regulator of ABA signaling
(Li et al., 2007). Contrasting action of JAM1 on JA and ABA
biosynthesis may fine tune abiotic stress responses of plants. The
cross talk of ABA and GA is also well known and is discussed
along with GA in the succeeding section. In addition to ABA
mediated abiotic stress responses in plants, ABA independent
signaling in response to osmotic stress also exists (Yoshida et al.,
2014).
ABA SIGNALING REGULATES SUGAR
METABOLISM AND TRANSPORT
Growth of male reproductive organs of plants requires adequate
amounts of sucrose which is transported to anthers from
photosynthetically active cells. During early anther development
in rice, lemma and palea act as sink tissues partitioning
sucrose/carbohydrates from leaf/stem tissues (Zhang et al., 2010).
During later stages (anther stages 9–13), lemma and palea act
as source to assimilate sucrose and hexoses to anthers (Zhang
et al., 2010). In a feeding assay, (14C) sucrose was partitioned
to anthers from lemma/palea in 12 h (Zhang et al., 2010).
Cells of outer anther wall cell layers and inter-connective tissues
have cytoplasmic connections called plasmodesmata through
which assimilate can pass to innermost cells of the middle
wall layer, via the symplastic pathway (Clément and Audran,
1995). Plasmodesmata do not occur between the middle wall
layer and the tapetum cells. Hence, subsequent transport of
sugars, from the middle wall layer to tapetum, occurs via
the complex apoplastic pathway involving enzymes such as
invertases (e.g., INV4) and monosaccharide transporters (e.g.,
MST8; Oliver et al., 2005, 2007; Mamun et al., 2006). In sink cells,
sucrose is degraded into hexoses (fructose and glucose) or their
derivatives for metabolic and biosynthetic activities by CWIN
(Ruan et al., 2010). CWIN are also the main components of
sucrose phloem unloading pathway (Ranwala and Miller, 1998).
The monosaccharides glucose and fructose are taken up by the
sink tissues such as anthers through MSTs (Zhang et al., 2006).
The co-expression of CWIN and MST has been observed in
many systems (Roitsch and González, 2004; Zhang et al., 2010).
CWIN is critical for anther development. For example, silencing
of a tomato CWIN (Lin5) reduced pollen viability and pollen
elongation (Zanor et al., 2009). A R2R3 MYB TF that expresses
mainly in vascular tissues and tapetum in rice regulates directly
the MST8 by binding to MST8 promoter region (Zhang et al.,
2010). In addition to this, R2R3 MYB, indirectly regulates INV4
(Zhang et al., 2010). The mutants for R2R3 MYB lack pollen
viability (Zhang et al., 2010) indicating that impaired sugar
transport can lead to pollen sterility.
Low temperature interrupts sugar transport and metabolism
resulting in increase in accumulation of sucrose and hexose
in leaves as well as floral tissues. In cold stressed rice, non-
reducing sugars, e.g., sucrose accumulate in panicles of rice
within 12–24 h of cold treatment (Ito, 1974), followed by
tapetal hypertrophy (Ito et al., 1970). The pollen grains at
YM stage of susceptible rice plants treated with LT show
reduced starch accumulation and the resultant pollen developed
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in such plants is sterile (Oliver et al., 2005). In contrast, the
cold-tolerant cultivar under LT does not accumulate excessive
amounts of sucrose and the pollen remains fertile (Oliver et al.,
2005; Figure 4). In cold-susceptible rice under LT, CWIN gene
OSINV4 (Os04g33720) was repressed, however, no repression
was observed in the cold-tolerant rice (Oliver et al., 2005).
OSINV4 expresses in the tapetum at the YM stage and in the
pollen grains from the early bicellular (EB) stage onward (Oliver
et al., 2005). LT affects not only sucrose degradation and phloem
unloading of sucrose but also monosaccharide transport. Two
monosaccharide transporter genes (OSMST8, OSMST7) showed
differential expression under LT in susceptible and tolerant rice
anthers (Oliver et al., 2007; Figure 4). The expression of OSMST8
under LT was higher in tolerant anthers than the susceptible ones.
Another transport gene, OSMT7 did not express in anthers under
normal temperatures but at 20 times higher magnitude in tolerant
anthers compared to the susceptible ones (Oliver et al., 2007).
These results under LT combined with those of Zhang et al.
(2010) on role of INV4 and MST8 in viable pollen development
suggest that down-regulation of OSINV4, OSMST8, and OSMST7
results in disruption of sucrose oﬄoading, hexose production,
hexose transport, and starch formation in the pollen grains under
LT (Figure 4).
There is a strong evidence indicating that ABA may be the
potential signal for regulation of apoplastic sugar transport in
anthers. Firstly, the application of ABA mimics the effect of
LT in rice (Oliver et al., 2007). Secondly, ABA treatment, like
LT, reduces expression of CWIN (OSINV4) and monosaccharide
transporter genes (OSMST8 and OSMST7) in susceptible rice
plants (Oliver et al., 2007). Similar to rice, the ABA applications
also repress the anther CWIN gene, TaIVR1 or INV4 in
wheat (Ji et al., 2011). On the other hand, repression of
invertase gene was reduced by increasing ABA catabolism
(Ji et al., 2011). For example, transgenic rice lines having
increased expression of wheat TaABA8′OH1 gene under the
control of the OsG6B tapetum-specific promoter, maintained
the expression of invertase gene (OSINV4) under LT (Ji et al.,
2011). The TaABA8′OH1 over-expressing transgenic lines also
have improved CS tolerance (Ji et al., 2011). In addition to ABA,
glucose is another inhibitor of CWINV and sucrose synthase
expression whereas GA3 is a positive regulator of CWINV and
sucrose synthase (Zhang et al., 2014). The inhibitory effect of
glucose is due to hexokinase phosphorylation of sugars and this
repression is relieved by GA3 as has been observed in grape
berries (Zhang et al., 2014). It can be concluded that GA3
negatively regulates the glucose signaling to maintain normal
cellular sugar levels and metabolism.
Accumulation of soluble sugars following CS and sugar
signaling leading to induction of cold tolerance has been studied
in more detail in somatic tissues (see review by Tarkowski
and Van den Ende, 2015) compared to anthers. The sugars
play multifaceted roles in protecting plants from CS including
stabilization of membranes under CS (Strauss and Hauser, 1986;
Vereyken et al., 2001; Hincha et al., 2003); scavenging of the
hydroxyl ions (Peukert et al., 2014); induction of signals to
regulate stress responses of plants (Van den Ende and El-
Esawe, 2014); and cross talk with other hormone pathways
(Tarkowski and Van den Ende, 2015). Initial details of regulation
FIGURE 4 | Cold stress induced reduction in bioactive gibberellins and sugars in cold-susceptible anthers. ABA accumulation in anthers results in pollen
sterility and flower abortion by decreasing amounts of reduced free sugars. Lines with arrow show positive reaction. Blocked lines indicate inhibition of chemical
reaction. Information within boxes indicate the physiological outcome of reaction. GA12, bioinactive GA; GA4, GA7, bioactive GAs; GA20ox3, GA20-oxidases3;
GA3ox1, GA3-oxidases1; ABA, abscisic acid; MST7, monosaccharide transporter 7; MST8, monosaccharide transporter 8, INV4, cell wall invertase4.
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of stress responses by sugars have been reported recently. Firstly,
PtrCBF1 (C-repeat-binding factor 1), a TF and one of the central
regulators of CS responses, binds directly to the promoter of
PtrBAM1, a stress-responsive chloroplastic β-amylase-coding
gene from Poncirus trifoliate (Peng et al., 2014). The study
provided “a unique link between CBF-mediated cold responses
and sugar dynamics” (Tarkowski and Van den Ende, 2015) and
possibly, the partial accumulation of sugars in response to CS.
Secondly, galactinol synthase, an enzyme that catalyzes first step
in raffinose family oligosaccharides biosynthesis, is considered
as a target gene of the CBF regulon (Taji et al., 2002). Thirdly,
the DELLAs can be specifically stabilized by Sucrose (Li et al.,
2014). The information from somatic tissues can be used to
study differences or similarities in regulation of sugar signaling
in anthers leading to viable pollen development in tolerant
genotypes and sterility in susceptibility ones.
GA SIGNALING UNDER COLD STRESS
Cold stress reduces endogenous levels of the bioactive
gibberellins (GAs) GA4 and GA7 in developing anthers
(Sakata et al., 2014). In cold-stressed plants, the levels of
precursor (GA12) of GA4 and GA7 were high indicating that
GA12 was not being metabolized. The increased accumulation of
GA12 and reduced levels of GA4 and GA7 can be attributed to
lowered expression of GA biosynthesis genes, GA20ox3 (GA20
oxidase3) and GA3ox1 (GA3 oxidase1) under LT (Figure 4).
Under normal conditions, expression of GA3ox1 and GA20ox3
increase gradually during anther development with a peak at
the binucleate pollen stage (Sakata et al., 2014). Under LT,
expression of GA20ox3 was suppressed from the uninucleate to
the binucleate stage whereas that of GA3ox1 from the meiotic
to binucleate stage (Sakata et al., 2014). Reduced GA synthesis
but no change in GA catabolism is the outcome of LT in
susceptible plants because GA catabolic genes [GA 2-oxidases
(GA2ox)] are barely expressed in developing anthers of rice
(Oda et al., 2010) with the exception of GA2ox1, the levels of
which were repressed by cold (Sakata et al., 2014). Thus, LT
severely reduces the endogenous levels of bioactive GAs through
transcriptional repression of the GA biosynthetic genes GA20ox3
and GA3ox1, which are strongly up-regulated during normal
anther development. This is further supported by the fact that
exogenous applications of GA or GA with sucrose significantly
reverse the male sterility (Sakata et al., 2014). CS increases
expression of the dehydration-responsive element-binding
protein DREB2B and SLENDER RICE1 (SLR1)/DELLA (Sakata
et al., 2014). GA-dependent GID1–SLR1 interaction also occurs
in planta (Ueguchi-Tanaka et al., 2007; Plackett et al., 2011).
Thus, there exists a possibility that LT disrupts GA-responsive
pollen development through the transcriptional activation of
SLR1/DELLA. This was corroborated by the fact that the mutants
for GID1 (gid1) and SLR1 (slr1-d1, gain of function mutation)
had fewer number of mature pollen grains under LT (Sakata
et al., 2014).
GA signaling in other plant parts such as barley aleurone
cells, is associated with synthesis of amylose, i.e., starch (Zentella
et al., 2002). The gene α-amylase is induced by GA biosynthetic
pathway TF called GAMYB whereas another regulatory protein,
DELLA protein SLN1, is a repressor of GA action (Zentella
et al., 2002). Furthermore, cold induced hormone, ABA, inhibits
GA induced α-amylase activity. This suppression is caused by
ABA-induced serine threonine protein kinase, PKABA1 (Gómez-
Cadenas et al., 1999, 2001). Since, starch is important for pollen
viability, GA signaling in amylose synthesis in anthers at LT
should be investigated.
Gibberellic acid cross talks with other hormones to regulate
development and stress responses of plants. A module of cross
talk of GA with other hormones is GA repressor DELLA which
interacts directly with core components of signaling cascades
of several hormones (Claeys et al., 2014; Davière and Achard,
2016). During seed germination, ABA maintains dormancy
whereas GA induces germination. High ABA in mature dry
seed activates the TFs ABSCISIC ACID INSENSITIVE 3 (ABI3)
and ABI5 both of which negatively regulate seed germination
(Piskurewicz et al., 2008). The DELLA forms a complex with
ABI3 and ABI5 that promotes expression of SOMNUS (SOM)
which is a negative regulator of seed germination (Lim et al.,
2013). Upon conditions favorable to germination, GA levels
increase and degrade DELLA thereby suppressing inhibition
of seed germination (Piskurewicz et al., 2008). DELLA also
interferes with auxin production by interacting with auxin
response factor 6 (ARF6) and inhibiting its transcription
(Oh et al., 2014) whereas GA release overcomes inhibition
of ARF6 (Davière and Achard, 2016). The ARF6 might
have a broader role in regulating multi-hormone responses
as ARF6 along with ARF8, also controls the regulation of
JA-biosynthetic genes and JA biosynthesis (Nagpal et al.,
2005; Tabata et al., 2010; Reeves et al., 2012). Interaction of
GA and ET was observed in induction of hook curvature
where GA3 enhanced ET- and ET INSENSITIVE3 (EIN3)-
overexpression-induced hook curvature, and DELLA proteins
interacted with the DNA-binding domains of EIN3/EIL1 EIN3-
like and repressed EIN3/EIL1-regulated HOOKLESS1 (HLS1)
expression (An et al., 2012). Cross talk between JA and GA
also occur during plant development and defense. GAs and JAs
activate the expression of the R2R3 MYB TFs, MYB21, MYB24,
and MYB57, involved in anther and stamen development
(Cheng et al., 2009). JA releases the repressive activity of
JASMONATE ZIM DOMAIN (JAZs) onto MYB TFs (Cheng
et al., 2009; Song et al., 2013) where DELLA interact with
JAZ (Hou et al., 2013) and JAZ proteins act as repressors
of MYC2, a TF that regulates JA responses (Lorenzo et al.,
2004).
ET AND COLD STRESS
Though, no evidence exists so far, ET may be the other hormone
regulating anther cold tolerance. Firstly, ET receptor genes are
present in anthers. Secondly, the anther-specific expression of
mutated melon ET receptor gene Cm-ERS1/H70A delays tapetum
degeneration and causes pollen abortion (Takada et al., 2006).
Thirdly, in somatic tissues, ET is a regulator of cold or freezing
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tolerance (Kazan, 2015). Though, role of ET in plant PCD
is well documented, there is no report of involvement of ET
in delay in tapetum degeneration under CS and this aspect
needs investigation. ET acts as a growth inhibitor as well as
growth promoter, e.g., etiolation (Dolferus, 2014). During anther
development, ET appears to play a double role; at low levels
it causes tapetum PCD leading to normal pollen development
(Takada et al., 2006) whereas at higher levels it causes premature
tapetal degeneration (Wei et al., 2013) leading to pollen sterility.
Under normal male gametophyte development, two ET peaks
occur in anthers; the first peak coincides with degeneration of
tapetum and the middle layers of the anther wall and the second
with maturation and dispersal of pollen grains (Kovaleva et al.,
2011). In genetic male-sterile lines (GMS), excessively high ET
levels and higher expression of ET metabolism genes coincided
with the ET peak (in cotton) as well as the time of tapetal death
(in petunia; Kovaleva et al., 2011; Wei et al., 2013). The anthers of
GMS also had higher expression of ET-responsive TF 12 (Zhang
et al., 2015). Two ET Response Factor-associated amphiphilic
repression motif proteins called DAZ1 and DAZ2 are required for
germ cells to enter mitosis (Borg et al., 2011). These proteins also
regulate expression of genes involved in differentiation of germ-
lines (Borg et al., 2014). ET also cross talks with other regulators.
ET-auxin crosstalk occurs in plant roots and is necessary for root
elongation (Lewis et al., 2011).
Unlike anthers, role of ET in cold tolerance or susceptibility
in somatic tissues has been investigated, however, complexity
of its function vis-a-vis tolerance or susceptibility is still elusive
as in some cases it causes susceptibility whereas in others it
causes tolerance. In Medicago truncatula, a negative correlation
was found between ET levels and cold-tolerance (Zhao et al.,
2014) whereas in tomato, tobacco (Zhang and Huang, 2010), and
Arabidopsis (Catalá et al., 2014), the correlation between ET and
freezing-tolerance was positive. The contrasting roles of ET in
regulating cold tolerance or susceptibility cannot be explained at
present as mechanisms by which ET regulate plants’ responses
under CS are poorly understood.
OTHER HORMONES AND COLD STRESS
Jasmonic acid regulates stamen development as plants defective
in JA synthesis were also defective in stamens (Nakata et al.,
2013). Mutations in JA biosynthesis genes inhibit filament
elongation, delay anther dehiscence, and induce pollen sterility
whereas exogenous application of JA restores fertility in JA gene
mutants (Caldelari et al., 2011; Nakata et al., 2013). Auxins also
regulate stamen development and these act through JA to control
anther development (Nakata et al., 2013). Similar to JA mutants,
arf6-2 and arf8-3 double mutant arrests stamen development
in Arabidopsis (Nagpal et al., 2005). Both the ARF6 and ARF8
control the expressions of JA-biosynthetic genes and regulate JA
biosynthesis in flower buds (Nagpal et al., 2005; Tabata et al.,
2010). JA and ET also interact to induce pathogen defense and
regulate growth (Song et al., 2014; Kim et al., 2015). The ET
genes EIN3 and EIL1 positively regulate JA-mediated responses
by physical interaction of JAZ proteins (e.g., JAZ1, 3, and 9) with
EIN3 and EIL1 leading to repression of EIN3/EIL1 transcription
(Zhu et al., 2011).
Jasmonic acid in somatic tissues, is a positive regulator of cold
and freezing tolerance (Kazan, 2015; Sharma and Laxmi, 2015),
as evident from decreased freezing tolerance in JA biosynthesis
impaired mutants and increased freezing tolerance in JA treated
plants (Hu et al., 2013). JAZs physically interact and suppress
INDUCER OF CBF EXPRESSION 1 (ICE1) and ICE2 (Hu et al.,
2013). Similar to JA, role of auxins in cold tolerance in anthers
has not been investigated so far, however, LT in somatic tissues,
reduces auxin levels (Nadella et al., 2006; Zhu et al., 2015).
Reduced auxins, thus induce cold tolerance; the mechanism,
however, is not useful agriculturally, as low auxin levels suppress
growth and hence, surely will decrease crop yields.
CONCLUSION
Carbohydrate metabolism, carbohydrate transport and bioactive
GAs are keys to cold tolerance by anthers. Failure of pollen
development in cold-susceptible plants occurs as a result of
reduced degradation of sucrose to hexoses owing to reduced
invertase, reduced monosaccharide transport by impaired sugar
transporter activity, decreased starch accumulation via some
unknown mechanisms and reduced amounts of bioactive GAs.
Sucrose degradation and transport is regulated by ABA, which
accumulates in higher amounts in susceptible anthers under
stress. Unlike carbohydrates, there is no evidence at present
suggesting that ABA is linked to lower GA synthesis in susceptible
anthers or GA is linked to distorted carbohydrate metabolism
including starch accumulation. Indirect evidences in leaves
indicate that complex interactions involving ABA, GA, and
sugar signaling may exist in anthers. ET, JA, and auxins also
regulate stamen development and these are the other potential
but least studied pathways involved in anther development under
CS. Crosstalk of several hormones in somatic tissues is well
documented, no such study has, however, been conducted in
anthers so far.
In contrast to susceptibility, ability of anthers to develop
viable pollen under CS depends upon the genotype’s capability to
accumulate lower ABA and maintain adequate pool of bioactive
GAs. Such “cold-tolerant” genotypes, not only synthesize lower
amounts of ABA but also have increased ABA catabolism
by enhanced expression of ABA hydroxylation genes. For
bioactive GAs, low accumulation in susceptible genotypes
occurs due to repression of biosynthetic genes and not due
to catabolism of bioactive GAs. The tolerant anthers maintain
normal carbohydrate metabolism including adequate deposition
of starch in anther grains. The mechanisms of adequate
starch accumulation in cold-tolerant plants and low starch
accumulation in susceptible ones are not known. Based on initial
indications, the role of ABA and GA pathways is suspected,
hence, there is a need to investigate the role of these hormones in
inhibition of starch biosynthesis in cold stressed anthers. Anthers,
being a tissue with highly specific function in plant reproduction,
might employ cold-tolerance mechanisms dissimilar to somatic
tissue as is evident in case of ABA where increased levels in
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somatic parts induced cold-tolerance but in anthers, higher ABA
caused pollen sterility, i.e., cold-susceptibility.
To understand cold tolerance mechanisms in anthers, future
research should be focussed on GA signaling in starch synthesis
in anthers, effect of ABA on inhibition of GA induced α-amylase
activity and starch biosynthesis and effect of ABA on inhibition of
tapetum PCD. In addition, the roles of ET, auxins, JA, sugar and
Ca2+ signaling in anther cold-tolerance leading to viable pollen
development including crosstalk of these pathways should also be
investigated.
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